Summary: Dendritic cells (DCs) are essential antigen-presenting cells for the initiation of cytotoxic T-cell responses and therefore attractive targets for cancer immunotherapy. We have developed an integration-deficient lentiviral vector termed ID-VP02 that is designed to deliver antigen-encoding nucleic acids selectively to human DCs in vivo. ID-VP02 utilizes a genetically and glycobiologically engineered Sindbis virus glycoprotein to target human DCs through the C-type lectin DC-SIGN (CD209) and also binds to the homologue murine receptor SIGNR1. Specificity of ID-VP02 for antigen-presenting cells in the mouse was confirmed through biodistribution studies showing that following subcutaneous administration, transgene expression was only detectable at the injection site and the draining lymph node. A single immunization with ID-VP02 induced a high level of antigen-specific, polyfunctional effector and memory CD8 T-cell responses that fully protected against vaccinia virus challenge. Upon homologous readministration, ID-VP02 induced a level of high-quality secondary effector and memory cells characterized by stable polyfunctionality and expression of IL-7Ra. Importantly, a single injection of ID-VP02 also induced robust cytotoxic responses against an endogenous rejection antigen of CT26 colon carcinoma cells and conferred both prophylactic and therapeutic antitumor efficacy. ID-VP02 is the first lentiviral vector which combines integration deficiency with DC targeting and is currently being investigated in a phase I trial in cancer patients.
D
endritic cells (DCs) are pivotal for the initiation of all antigen-specific immune responses and are being explored as attractive targets for cancer immunotherapy. 1, 2 To generate robust CD8 T-cell responses, the efficient presentation of antigen via MHC class I as well as maturation of the DC are required. Recombinant vectors are effective in priming CD8 T cells because they can deliver antigen for MHC class I presentation to target cells via de novo transcription and translation, as well as the required costimulatory signals to antigen-presenting cells via toll-like receptor stimulation. 3 An ideal vector system for antigendirected immunotherapy would therefore have the ability to specifically target DCs in vivo to maximize antigen presentation and avoid potential off-target toxicity. To this end, integration-competent lentiviral vectors (LVs) have been engineered that target DC and induce immune responses, 4, 5 however, none has been evaluated clinically in the setting of immunotherapy to date.
We have advanced a prototype vector to generate the ID-VP02 immunotherapy platform suitable for selective in vivo targeting of human DCs by virtue of pseudotyping with a modified envelope protein of the DC-tropic Sindbis virus which targets the DC-SIGN receptor expressed on immature DC. 4, 6 ID-VP02 is unique among other third-generation LVs and compared with the prototype it was derived from in a number of ways. ID-VP02 was rendered integration deficient by several redundant mechanisms including mutations in the vector backbone as well as the integrase catalytic domain. This is an important safety feature when systemic administration of the vector is considered. The nU3 of the vector transfer genome contains an extended deletion in the 3 0 end compared with the usual self-inactivating (SIN) deletion, which decreases the risk of recombination and has been reported to increase antigen expression. 7, 8 To overcome SAMHD1-mediated restriction of the vector in human DCs and improve expression of the transgene, the Vpx protein from SIVmac was packaged in the vector. 9, 10 Finally, the vector is manufactured in the presence of the mannosidase type I inhibitor kifunensine, which results in enhanced affinity of the Sindbis envelope to DC-SIGN. 6 Taken together, the vector possess a novel combination of safety and efficacy enhancing features designed to increase the likelihood of it achieving the desired biological activity in humans, while minimizing the risk of off-target effects.
We report here the preclinical assessment of the ID-VP02 platform, with characterization of the cell tropism, tissue biodistribution, immunological activity, and antitumor efficacy in the mouse. We find that ID-VP02 is able to utilize mSIGNR1, a human DC-SIGN homolog expressed on mouse DCs, as a functional receptor, supporting the utility of the mouse as a preclinical model. We demonstrate furthermore the ability of ID-VP02 to generate robust, boostable CD8 T-cell responses from naive precursors that provide protection against both viral and tumor challenge, including in the therapeutic setting. Collectively, these results provide in vivo proof-of-concept of our novel lentiviral vector platform and support the development of ID-VP02-based clinical candidates in oncology settings.
MATERIALS AND METHODS

ID-VP02 Construction
The design and production of ID-VP02 was described previously. 6, 11 ). Briefly, ID-VP02 is produced through transient transfection of 293T cells with 5 plasmids: the transfer vector (ID-VP02 genome), a modified gagpol transcript (RI-gagpol), accessory protein Rev from HIV-1, accessory protein Vpx from SIVmac, and the E1001 envelope glycoprotein variant of Sindbis virus. The Sindbis envelope of the VP02 vector described here is significantly different from the envelope used by Yang et al 4 because (i) the furin cleavage of the envelope protein was restored; (ii) the envelope contains several point mutations which increase affinity to DC-SIGN; and (iii) the vector is manufactured in the presence of the mannosidase type-1 inhibitor kifunensine, which results in N-terminal highmannose glycosylation of the envelope protein. 6 Together, these modification enhance selectivity of VP02 for DC and improve transduction efficacy of human DC in vitro.
Like other third-generation LVs, ID-VP02 is devoid of all accessory proteins, except for Rev, and is encoded by a split genome with a self-inactivating deletion in the U3 region (DU3) of the 3 0 LTR. DU3 prevents transcription of the full-length vector genome from reverse-transcribed dsDNA vectors in the infected target cell 7 and also minimizes the risk of insertional transcriptional activation mediated by the 3 0 LTR. ID-VP02 has a split genome and contains a self-inactivating (SIN) deletion in the 3 0 LTR (DU3), similar to other third-generation LVs. The U3 deletion has been extended to cover the 3 0 -poly purine tract (3 0 PPT) 4 and favors the formation of single-LTR episomal circles upon reverse transcription that are not capable of chromosomal integration. 12 In addition, a D64V catalytic mutation in the integrase enzyme, encoded by the pol gene, reduces the integration competence of the vector. 13 A codon optimized gagpol plasmid allows for production that is devoid of the HIV-Rev response element (RRE), minimizing the chance of psi-gag recombination and thereby reducing the likelihood for formation of Replication Competent Lentivirus during vector production. 11, 14, 15 Vpx from SIVmac is included as an accessory protein to overcome SAMHD1-mediated restriction in human DCs by promoting its degradation. 8, 9 The genome contains an antigen cassette downstream of the human Ubiquitin-C promoter that has been modified to have its natural intron deleted (DUbiC).
Vector Quantitation
Genomic RNA was isolated from vector particles using the QIAamp Viral RNA Mini kit (Qiagen Inc., Valencia, CA). To eliminate contaminating DNA, the extracted nucleic acid was then digested with DNase I (Invitrogen). Two dilutions of each DNase I-treated RNA sample were then analyzed by quantitative RT-PCR using the RNA Ultrasense One-Step Quantitative RT-PCR System (Invitrogen) and previously described vector-specific primers and probe. 16 The vector RNA copy number was calculated in reference to a standard curve comprised of linearized plasmid DNA containing the target sequences, diluted over a 7-log range (1 Â10 1 to 1 Â10 7 copies). As each vector particle is predicted to contain 2 single-stranded copies of genomic RNA, the vector RNA copy number was divided by 2 to give the genomic titer used throughout the experiments. For some experiments, vector was quantified by quantification of p24, using the HIV-1 p24 enzymelinked immunosorbent assay kit by Advanced Bioscience Laboratories (Rockville, MD), following the manufacturer's directions.
Recombinant Cell Lines
DC-SIGN or its murine homologs SIGNR1, SIGNR3, and SIGNR5 were cloned individually into a retroviral (Clontech) or lentiviral expression system containing puromycin resistance. Vectors were prepared in small scale as described 6 and used to transduce HT1080 cells (ATCC, CCL-121) at high multiplicity of infection. Twenty-four hours after transduction, media was replaced with puromycin containing media.
Green Fluorescent Protein Transduction Assay
HT1080 cells stably expressing DC-SIGN were plated at 4 Â10 4 cells/well in a 12-well plate in 1 mL DMEM media containing 5% serum, L-glutamine, and antibiotics. Twenty-four hours later, cells in each well were transduced with 2-fold dilutions of vector encoding green fluorescent protein (GFP). For the detection of ID-VP02, neutralizing antibodies vectors were preincubated for 1 hour with the indicated dilution of serum. Each amount of vector is prepared in a 1 mL final volume in complete DMEM. As a control for pseudotransduction, 10 mM of the reversetranscriptase inhibitor nevirapine was used with the highest volume of vector in a parallel well. Forty-eight hours after transduction cells were analyzed for GFP expression by Guava (Millipore), Green Fluorescence Units (GFU) per milliliter was calculated by using a best fit (least squares) linear regression model based on the volumes of vector and the resulting percent GFP values using the FORECAST function in Excel (Microsoft). Events that resulted in <1% of GFP + cells were set as the limit of quantification.
Animals
C57BL/6 and BALB/c mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and housed under specific pathogen-free conditions in a BSL-2 level room in the Infectious Disease Research Institute (IDRI) animal facility. All procedures were approved by the IDRI Institutional Animal Care and Use Committee.
Immunizations
Aliquots of ID-VP02 stored at À801C were thawed at room temperature and then kept on ice. Vector was serially diluted in cold sterile HBSS and transported to the animal facility for injection. Mice were placed in a conventional slotted restrainer with the tail base accessible. Vector was administered via 50-mL injection using a 29-G 0.3-mL insulin syringe [Becton Dickenson (BD)] inserted subcutaneously on the right side of the tail base, approximately 1 cm caudal to the anus, leading to minor but notable distension of the skin around the tail base. . Gates for SIGNR5 and SIGNR1 expression each of these subsets was set using negative control stains lacking SIGNR1-specific and SIGNR5-specific antibodies, such that frequencies of positive events were r0.00. Vector Biodistribution C57BL/6 mice (n = 3/group) received 3 Â10 10 vector genomes of ID-VP02 encoding the polyepitope construct LV1b (described later) or buffer HBSS subcutaneously at the base of the tail. The presence of reverse-transcribed vector DNA was analyzed by qPCR at 1, 4, 8, 21, or 42 days postinjection in the following tissues: site of injection (tail base), spleen, liver, heart, ovaries, brain, and draining (inguinal) and nondraining (cervical) lymph node. Tissues were processed in Fastprep Lysing Matrix D tubes using a Fastprep-24 homogenizer (MP Biomedicals, Santa Ana, CA) and genomic DNA was isolated from homogenates using the Qiagen DNeasy Blood and Tissue Kit (Qiagen Inc.). Eluted DNA (200 ng per sample) was analyzed by qPCR in quadruplicate using EXPRESS qPCR Supermix Universal (Life Technologies, Carlsbad, CA) and a primer/ probe set designed to amplify a target sequence of 85 bp within the LV1b cassette. All reactions were performed using the Bio-Rad CFX384 and analyzed using Bio-Rad CFX Manager software (Bio-Rad Laboratories, Hercules, CA). The vector DNA copy number was calculated in reference to a standard curve comprised of plasmid DNA containing the target sequences diluted over a 7-log range (10 1 -10 7 copies).
SIGNR1 and 5 Expression In Vivo
ID-VP02-GFP Transduction In Vivo
Vector Off-Target Transduction Analysis
A panel of human primary cells, some of which are known to express the DC-SIGN homologue L-SIGN (liver/ lymph node-specific intercellular adhesion molecule-3-grabbing integrin) were purchased from Innoprot (Spain) and Cell Biologics (Chicao, IL). Serial dilutions of ID-VP02 (1.5 Â10 6 -1.5Â 10 9 vector genomes) were incubated with target cells in 96-well microtiter plates. The cell line 293T huDC-SIGN, previously shown to be permissive for ID-VP02 transduction, was used as an assay positive control cell type. The transduction step was performed both in the presence and absence of the reverse-transcriptase inhibitor nevirapine as a means to measure and later subtract nonspecific (ie, nontransduction) background signal. In each case, the number of target cells was kept constant (8 Â10 4 cells), such that the range of input vector tested for each cell type was 2 Â10
1 to 2 Â10 4 vector genomes/target cell, representing a range of multiplicities of infection. At 1 day posttransduction, cells were lysed in situ by the addition of a buffer containing sodium deoxycholate, Tween-20, sodium dodecyl sulfate, and proteinase K. The cell lysates were then incubated sequentially at 371C, 551C, and 951C to ensure proteolysis and DNA denaturation. Denatured cell lysates were analyzed in quadruplicate by qPCR (ABI 7900HT; Life Technologies) using EXPRESS qPCR Supermix Universal (Life Technologies) and a vector-specific primer/probe set. For each cell type tested, transduction events were averaged from each of the 4 input vector dilutions (after accounting for dilution factor) and the overall rate of transduction was expressed as a percentage relative to the control cell 293T huDC-SIGN. Viability of the cell types did not appear to be adversely affected by the addition of ID-VP02 (with or without nevirapine) as determined by measurement of metabolic activity (MTS reduction assay; Promega Corp., Madison, WI) on a parallel set of samples of each cell type.
Intracellular Cytokine Staining (ICS)
Spleens were homogenized by pressing through a 70 mM nylon filter. Red blood cells were lysed by hypotonic shock by brief exposure to ice-cold ultrafiltered water followed by immediate isotonic restoration with 10 Â PBS. For analysis of cytokines, cells were stimulated in 96-well plates with peptides at a concentration of 1 mg/mL per peptide in complete RPMI (10% FCS, 10 mM HEPES, 2 mM b-mercaptoethanol, and L-glutamine) for 5 hours at 371C, 5% CO 2 . Peptides, including OVA 257 (SIINFEKL), LCMV GP 33 (KAVYNFATM), AH1 (SPSYVYHQF), and AH1A5 (SPSYAYHQF) were manufactured at 95% purity by AnaSpec (Fremont, CA). In some experiments, as noted, anti-mouse CD107a-PerCP-eF710 (eBioscience) was included in the stimulation cocktail to capture translocated CD107a on the surface of degranulating T cells. After stimulation, surface staining was carried out in FACS buffer (PBS, 1% FCS, 2 mM EDTA, 0.01% sodium azide) in the presence of FcR blocking antibody 2.4G2 and LIVE/ DEAD Fixable Near-IR (L/D NIR; Invitrogen). Antibodies used for surface staining in in-vivo experiments included anti-mouse CD4-PerCP-Cy5.5 (eBioscience) or CD4-Alexa Fluor 700 (eBioscience), CD8-Pacific Blue (eBioscience), and B220-V500 (BD). After surface staining, cells were fixed with Cytofix (BD) and stored at 41C overnight in FACS buffer. Cells were then permeabilized with Perm/Wash buffer (BD) containing 5% rat serum (Sigma Aldrich). Antibodies for intracellular staining were diluted in Perm/Wash buffer containing 5% rat serum and added to permeabilized cells. Antibodies included anti-mouse TNFa-FITC (eBioscience), IFNg-PE (eBioscience), and IL- ; only the responses to OVA 257 and GP 33 were monitored for these studies. Five weeks after immunization, mice were challenged intraperitoneally with 1 Â10 7 TCID 50 recombinant vaccinia virus expressing OVA (rVV-OVA), 1 Â10 7 TCID 50 wild-type vaccinia virus (VV-WT), or HBSS vehicle. Five days after challenge, spleens were harvested for OVA 257 -specific and LCMV GP 33 -specific ICS as described previously, and ovaries were harvested for quantitation of viral load by TCID 50 assay.
MHC I Multimer and Memory Phenotype Analysis
In Vivo Cytotoxicity Assay
BALB/c mice (3 per group) were immunized subcutaneously at the tail base with ID-VP02 encoding OVA-AH1A5. Twelve days later, dye-labeled, peptide-pulsed target cells were transferred intravenously via the retroorbital sinus into immunized and untreated control mice. Target cells were prepared from naive splenocytes by lysing red cells by hypotonic shock, then splitting the cells into 3 populations that were pulsed with 1 mg/mL of either AH1 (SPSYVYHQF), AH1A5 (SPSYAYHQF), or negative control NY-ESO-1 81-88 (RGPESRLL) peptides. Cells were washed and then labeled with 2 mM CFSE (Invitrogen) plus one of 3 concentrations of Cell Trace Violet (Invitrogen): 2, 0.2, or 0.02 mM. Target cells were combined at a 1:1:1 ratio and 5 Â10 6 total cells were transferred to recipients. The following day, spleens were harvested and the relative recovery of each population was compared between naive and immunized mice to calculate specific killing as previously described. 17 
CT26 Tumor Challenge
For prophylaxis experiments, BALB/c mice (10 per group) were immunized subcutaneously at the tail base with the indicated doses of ID-VP02 encoding OVA-AH1A5, which is a defined H-2K b -restricted rejection epitope for CT26 tumor cells. Four weeks later, immunized and untreated control mice were injected subcutaneously with 8 Â10
4 CT26 tumor cells on the right flank. Tumor growth was monitored 3 times per week and mice were euthanized when tumor area exceeded 100 mm 2 . Experiments testing ID-VP02 in the therapeutic mode were performed the same way, with the exception that immunization with ID-VP02 was delayed until 4 days after tumor implantation.
RESULTS
Identification of the DC-SIGN Homolog SIGNR1 as a Murine Receptor for ID-VP02
While humans encode DC-SIGN and 1 paralog, DC-SIGNR, mice have 8 homologs of DC-SIGN (termed SIGNR1 through SIGNR8). Of these, 6 are predicted to be membrane bound, namely SIGNR1, SIGNR3, SIGNR4, SIGNR5, SIGNR7, and SIGNR8. On the basis of functional studies, SIGNR1, SIGNR3, and SIGNR5 (also referred to as murine DC-SIGN), are reported to be the closest functional orthologs of human DC-SIGN. 18 We therefore tested the ability of the Sindbis virus envelope E1001 to mediate binding and entry via these receptors.
HT1080 cells stably expressing either mouse SIGNR1, SIGNR3, or SIGNR5 were generated (see Materials and methods section). Expression of the each receptor was confirmed by flow cytometry or RT-PCR ( Supplementary  Fig. 1 , Supplemental Digital Content 1, http://links.lww. com/JIT/A370). These cells were incubated with varying concentrations of integration-deficient GFP-encoding vector that was pseudotyped with Sindbis virus envelope E1001, kifunensine-modified high mannose E1001, or with pantropic VSV-G. In previous studies, we have established that the E1001 envelope produced in the presence of the mannosidase I inhibitor kifunensine is required for DC-SIGN binding and human DC transduction. 6 In this experiment, therefore, HT1080 cells expressing human DC-SIGN were used as a positive control. Of the 3 mouse DC-SIGN orthologs tested, E1001-pseudotyped vectortransduced only mouse SIGNR1-expressing cells and did so in a kifunensine-dependent manner ( Supplementary Fig. 2 , Supplemental Digital Content 2, http://links.lww.com/JIT/ A371) and the ability of E1001-pseudotyped vector to transduce SIGNR1-expressing cells was completely blocked in the presence of an anti-SIGNR1 antibody (Fig. 1A) . The transduction efficiency of kifunensine-modified E1001 vector on human DC-SIGN-expressing and mouse SIGNR1-expressing cells was comparable, indicating that SIGNR1 is a functionally orthologous receptor for ID-VP02 in the mouse.
SIGNR1 is Expressed on Mouse DCs In Vivo
To further investigate the utility of the mouse model for functional studies with ID-VP02, we sought to establish whether SIGNR1 was expressed on mouse DCs. Single-cell suspensions from 3 individual spleens or 3 pools of 10 popliteal lymph nodes each were analyzed for SIGNR1 and SIGNR5 expression on T cells, B cells, and DCs. As previously reported, 18 SIGNR5 expression was relatively rare in the steady state, being detected only on a small population of B cells (Figs. 2A, B) . By contrast, although SIGNR1 expression was limited (< 0.5%) on T and B cells, around 12% of MHC II + CD11c hi DCs expressed SIGNR1 (Fig. 2B) . From an absolute numbers perspective, however, while DCs are clearly enriched for expression of SIGNR1, the majority of SIGNR1 + cells in the secondary lymphoid organs are actually lymphocytes, as DCs are relatively rare. With this characterization of the receptor distribution in mouse, we proceeded to evaluate whether ID-VP02 could transduce mouse DCs in vivo.
ID-VP02 Targets Mouse Draining Lymph Node DCs In Vivo
The phenotype of GFP-expressing cells in the draining lymph node after subcutaneous injection with GFPencoding ID-VP02 was analyzed by flow cytometry. Female BALB/c mice (15 per group) were injected subcutaneously in the footpad with 3 Â 10 10 vector genomes of ID-VP02 encoding GFP, control ID-VP02 encoding a nonfluorescent protein, or left untreated. Four days later, the popliteal and cervical lymph nodes were separately pooled from 5 mice (3 pools per treatment group) and analyzed for the presence of GFP-expressing cells. Injection of ID-VP02 encoding GFP, but not a control protein, led to detection of GFP + cells in the draining popliteal but not in the distal lymph node (Fig. 2C) . Notably, upon further surface marker analysis, approximately 90% of transduced cells were identified as DCs as indicated by CD11c and MHC II expression (Fig. 2D) , despite the fact that the majority of the total SIGNR1-expressing cells per organ are actually T and B cells (data not shown). A likely explanation for this is that transduction occurs at the subcutaneous injection site, and DCs are selectively able to translocate to the draining LN. More than one third of the GFP + DCs were SIGNR1 + ( Fig. 2E) , supporting a likely role for this receptor in mouse DC transduction in vivo. Whether the SIGNR1 À DCs acquired GFP via SIGNR1-independent transduction or downregulated SIGNR1 after vector engagement is not entirely clear. Most importantly, however, these data confirmed that the mouse model was fitting to test the "ontarget" immunologic activity of ID-VP02, with significant expression of the vector cargo in the desired target cell type enriched for the orthologous mouse receptor.
ID-VP02 has Limited Biodistribution in Mice
Although analysis of lymph node cells was consistent with specific targeting of mouse DCs in vivo, we performed biodistribution studies to establish whether transduction events could be detected in other, particularly nonlymphoid, tissues and to characterize the clearance kinetics at positive tissue sites. For this purpose, we utilized ID-VP02 encoding a polyepitope model antigen construct designated as LV1b (see Materials and methods section). (HT1080-SIGNR1) or the parental cells (HT1080) were preincubated with anti-SIGNR1 antibody (10 mg/mL) for 1 hour, after which increasing doses of (A) ID-VP02 or (B) VSV-G vectors encoding GFP were added. Transduction was assessed 72 hours later. Nevirapine was included on highest vector dose as a control for real transduction (data not shown). Vector titers of ID-VP02 and VSV-G were comparable (115 mg/mL p24, and 111 mg/mL p24, respectively).
After vector injection, the presence of reverse-transcribed vector genomes (vector DNA) can be measured by qPCR using a set of primers and probe specific for the LV1b cassette. C57BL/6 mice were administered 2.8 Â10 10 vector genomes of ID-VP02-LV1b in a single subcutaneous injection at the base of the tail. On a timecourse between 1 and 42 days postinjection, vector DNA was quantified at the injection site (tail base), draining (inguinal), and nondraining (cervical) lymph nodes, spleen, heart, liver, brain, and ovaries. At early timepoints after administration, vector DNA was detected exclusively at the injection site and in the draining lymph node. The vector signal in these tissues decreased over time, with no quantifiable signal at 8 days in draining lymph node and signal barely above the limit of quantification (10 copies) at 42 days at the injection site ( Supplementary Fig. 3 , Supplemental Digital Content 3, http://links.lww.com/JIT/A372). Similar peak and clearance kinetics were observed when BALB/c mice were utilized (data not shown). These results indicate that the dispersal of ID-VP02 outside the injection site is limited to the draining lymph node, where its biological activity would be hypothesized to occur.
To study potential off-target activity of the vector in human tissues, 12 primary human cell lines representative of different organ systems were incubated with ID-VP02. minus two) . B, Live, single-cell events from spleen and lymph node were subdivided into B cells (B220 + TCRb À , labeled R4) and T cells (TCRb + , B220 À , labeled R5), and DCs (B220 À TCRb À MHC II + CD11c hi , labeled R7) and subsequently analyzed for expression of SIGNR5 and SIGNR1. For all subsets, frequencies of positive events were r0.00 in negative control stains lacking SIGNR1-specific and SIGNR5-specific antibodies (data not shown). C, Live, singlet events from the popliteal (draining) or cervical (nondraining) lymph nodes, not gated for any cellular markers, were analyzed for GFP expression. Lymph node cells were pooled from 5 mice, and 3 independent pools were analyzed. Popliteal lymph node cells from naive mice or mice injected with control vector served as negative controls. *Pr0.05 versus non-GFP-encoding control ID-VP02 (Mann-Whitney). 
ID-VP02 Shows no Off-Target Activity on a Panel of Primary Human Cells
Expression of transgene was detectable by RT-PCR only in DCs and not in other primary cells (Supplementary
ID-VP02 Induces Polyfunctional Primary and Secondary CD8 T-Cell Responses
To assess the immunologic activity of ID-VP02 in vivo, a dose range of vector encoding full-length chicken ovalbumin (ID-VP02-OVA) was administered subcutaneously to C57BL/ 6 mice and the OVA 257 -specific CD8 T-cell response in the spleen was measured by ICS (Fig. 3A) . The frequency of IFNg + effectors among splenic CD8 T cells ranged from a mean of around 15% at a dose of 7.0Â 10 10 vector genomes to around 1% at 2.7Â10 8 vector genomes. CD8 T-cell responses against OVA were not induced by ID-VP02 encoding GFP (data not shown). In addition, the generation of OVA 257 -specific CD8 T-cell response by ID-VP02 was dependent on biologically active vector, as antigen-specific CD8 T-cell responses were not induced after heat inactivation (Supplementary Fig. 4 , Supplemental Digital Content 5, http://links.lww.com/JIT/A374). Collectively, these data indicate that ID-VP02 induces CD8 T-cell responses in a dose-dependent manner across the 2.5-log dose range that was investigated.
To address whether priming with ID-VP02-induced memory T cells that could be recalled through the FIGURE 3. ID-VP02 induces high-quality multifunctional primary CD8 T-cell responses that can be effectively expanded with a homologous boost. A, C57BL/6 mice were immunized with indicated doses (vector genomes) of ID-VP02 encoding full-length OVA or HBSS vehicle alone. At day 12 postimmunization, the percentage of OVA 257 -specific splenic CD8 T cells was measured by intracellular cytokine staining (ICS). B, The kinetics of the primary and secondary CD8 T-cell response to ID-VP02 encoding OVA was determined by immunizing mice (5 per group) with 1Â 10 10 vector genomes of ID-VP02 in a prime-boost regimen with a 35-day interval and analyzing splenic CD8 T-cell responses at the indicated timepoints. Immunizations were staggered such that all groups were analyzed by ICS on the same day. Peak of the secondary response was significantly greater than the peak of primary response (**Pr0.01, Mann-Whitney). www.immunotherapy-journal.com | 47 administration of ID-VP02 as a homologous boost, we primed animals with a dose of 1.0 Â10 10 vector genomes and then boosted with an equivalent dose 35 days postprime. At various timepoints postprime and boost, the CD8 T-cell response was measured by ICS. By analyzing the frequency of IFN-g + CD8 T cells, we found that boosting with ID-VP02-OVA induced an OVA 257 -specific recall response that was both more rapid and of a >2-fold greater magnitude than the primary response (Fig. 3B) . It is interesting to note that the contraction phase of the T-cell response after the prime was rather slow and had not returned to baseline after day 35 .
In addition to staining for IFN-g, the quality of the primary and secondary CD8 T-cell responses was analyzed by simultaneous staining for 2 additional cytokines, TNF-a and IL-2, as well as surface translocation of CD107a, a correlate of cytotoxic activity. 19 After both the prime and boost, most of the responding CD8 T cells had a multifunctional phenotype as evidenced by elucidation of CD107a, TNF-a, and IL-2 (Fig. 3D) . Notably, 35 days after the boost, essentially 100% of the IFN-g + cells were CD107a + , a majority also expressed TNF-a, and a substantial fraction of these "triple-positive" cells also produced IL-2, indicating the formation of memory T cells with high functional quality.
The markers KLRG1 and CD127, when measured around the peak of a virus-specific CD8 T-cell response, have been associated with a short-lived effector cell (SLEC) and memory precursor cell fates, respectively. 20 As observed during infection with LCMV, when we analyzed the phenotype of antigen-specific H-2K b -OVA 257 multimerbinding CD8 T cells at day 9 postimmunization, a fraction of cells were polarized into either the KLRG1 + CD127
À SLEC or KLRG1 À CD127 + memory precursor cell phenotype (Fig. 3E) . It is interesting to note that 35 days after both the prime and boost immunizations, although the majority of cells had CD127 + memory phenotype, they were roughly equally divided between KLRG1 + and KLRG1 À subsets, both of which are reported to increased recall potential over SLEC. 21 The data in Figure 3B indicate that ID-VP02 is effective when applied in a homologous prime-boost immunization regime. However, it is expected that a neutralizing antibody response would be generated against ID-VP02 after the first administration that could affect the potency of the vector for delivering antigen for presentation to CD8 T cells. To determine if neutralizing antibodies are generated against ID-VP02 after in vivo administration, serum was isolated from groups of 3 mice that had been immunized 28 days earlier with either 7.5Â10 10 , 3.0Â 10 9 , or 1.2Â10 8 vector genomes of ID-VP02 encoding GFP, 7.5Â 10 10 vector genomes of VSV-G pseudotyped lentivector encoding GFP, or with HBSS. The serum was then evaluated for the presence of neutralizing antibodies against ID-VP02 by in vitro transduction assay. Relative to serum from mice injected with HBSS or VSV-G pseudotyped control vector, serum from mice injected with either of the 2 higher doses of ID-VP02 was able to neutralize vector in this assay (Fig. 4A) . The level of neutralization corresponded with the immunizing dose of ID-VP02 with higher doses of vector resulting in higher levels of neutralizing antibody titers. The neutralizing antibody response was specific to the Sindbis virus derived envelope of ID-VP02 in that no serum neutralization was observed from mice immunized with the VSV-G control vector at the highest vector dose (7.5Â10 10 vector genomes).
Because anti-ID-VP02 antibodies were detected in this assay, we wanted to determine if the level of neutralizing antibodies present in ID-VP02 immunized mice would have an affect on the in vivo potency of the vector. As the immunologic requirements to effectively prime naive CD8 T cells are much more stringent that those for boosting preexisting memory cells, we sought to determine what level of previous exposure to ID-VP02 (ie, dose) would be required to significantly impair the ability of a mid-range dose of ID-VP02 to prime naive CD8 T cells. Therefore, the mice described previously that had been immunized with either 7.5 Â10 ID-VP02 encoding GFP, 7.5Â 10 10 vector genomes of VSV-G pseudotyped lentivector encoding GFP, or HBSS were immunized with 3.0Â 10 9 vector genomes of ID-VP02 encoding an alternative antigen cassette, termed LV1b, that encodes the minimal OVA 257 peptide sequence. OVA 257 -specific CD8 T-cell response in the spleen was measured by ICS on day 12 postimmunization. Relative to the CD8 Tcell responses observed in mice injected with HBSS or VSV-G pseudotyped control vector, there was a clear reduction in the ability of 3.0 Â10 9 vector genomes of ID-VP02 to prime naive CD8 T-cell responses within the context of previous exposure to a 25-fold higher dose (7.5Â10 10 vector genomes) of ID-VP02 encoding GFP (Fig. 4B) . However, this reduction was not observed in animals that had been preexposed to equal (3.0 Â10 9 ) or 25-fold lower (1.2 Â10 8 ) doses of ID-VP02-GFP. As in the in vitro neutralization assay, the mechanism responsible for the reduction in vector potency appeared to be specific to the envelope of ID-VP02 in that no reduction in priming of naive CD8 T cell was observed in mice previously immunized with 7.5 Â10 10 vector genomes of VSV-G pseudotyped control vector. These data, in combination with the data demonstrating the absolute requirement for biologically active vector for naive CD8 T-cell priming to occur and the effectiveness of ID-VP02 in a homologous prime-boost immunization regime (Fig. 3B) , indicate that although vector-specific immunity can be generated against ID-VP02 at high doses, the application of ID-VP02 is not limited to a single administration when equivalent midrange doses are given for both the prime and boost immunizations.
Memory CD8 T Cells Induced by ID-VP02 Expand and Exhibit Antiviral Function
To directly evaluate the function of memory CD8 T cells induced by ID-VP02 immunization, we employed the LV1b antigen cassette, introduced earlier, that encodes both the minimal OVA 257 and LCMV GP 33 peptide sequences, 2 robust H-2K b -restricted epitopes. As depicted schematically in Figure 5A , 35 days postimmunization with ID-VP02-LV1b, mice challenged with recombinant vaccinia virus expressing OVA (rVV-OVA), but not wild-type vaccinia virus (VV-WT), showed dramatic expansion of OVA 257 -specific CD8 T cells (Figs. 5B, C) , indicating that these memory cells were recalled in an antigen-specific manner. Further, rVV-OVA did not expand GP 33 -specific memory cells (Fig. 5B) , confirming the requirement for antigen specificity within the same animal. Corresponding to the dose-dependent induction of CD8 T cells that responded to infection, there was a clear dose-dependent reduction in the viral load of rVV-OVA in the ovaries of infected mice (Fig. 5D) . Importantly, the sole antigenic sequence shared between the LV1b antigen construct and the rVV-OVA challenge strain was the SIINFEKL MHC class I epitope, indicating that the protection was mediated by CD8 T cells. Confirming that protection was indeed antigen specific, infection with VV-WT was not impacted by immunization.
ID-VP02 Immunization Provides Both Prophylactic and Therapeutic Antitumor Efficacy
The CT26 tumor cell line is derived from a spontaneous colon carcinoma in BALB/c mice and an endogenous epitope that can mediate rejection of implanted CT26 tumors is the AH1 peptide. Although the MHC-TCR interaction is relatively weak with the AH1 epitope, the altered peptide ligand AH1A5 can stabilize this interaction, leading to greater CD8 T-cell expansion and antitumor responses. 22 To generate ID-VP02 encoding this epitope, an antigen cassette was generated in which the AH1A5 sequence was inserted into full-length OVA sequence (OVA-AH1A5), as previously reported. 23 When BALB/c mice were immunized with ID-VP02 encoding OVA-AH1A5, we observed dose-dependent induction of multifunctional AH1A5-specific CD8 T cells, approximately half of which cross-reacted with the endogenous AH1 sequence (Fig. 6A) . The ability of ID-VP02-induced CD8 T cells to acquire cytolytic capacity was directly analyzed by in vivo cytotoxicity assay. Three splenocyte target cell populations were simultaneously labeled with CFSE plus varying concentrations of Cell Trace Violet, then pulsed with AH1, AH1A5, or a negative control peptide. Target cells were mixed at a 1:1:1 ratio, then cotransferred into recipient mice immunized 12 days earlier with ID-VP02 or left untreated. After 1 day, the relative recovery of AH1 and AH1A5 pulsed targets was reduced in ID-VP02 immunized mice, with specific killing rates over 90% against AH1A5 and about 25% against AH1 (Fig. 6B) , indicating that ID-VP02 induces functional cytotoxic CD8 T cells against the immunizing antigen.
As a first test for antitumor efficacy, mice immunized subcutaneously with ID-VP02-OVA-AH1A5 or vehicle were challenged 28 days later with CT26 tumor cells implanted in the flank. Whereas all control mice had lethal tumor growth (> 100 mm 2 ) by day 21, 70% of ID-ID-VP02-OVA-AH1A5 immunized mice were able to reject the implanted tumors and these surviving mice were tumor free for at least 60 days (Fig. 6C and data not shown) . We extended these findings by applying ID-VP02 as a therapy to previously implanted CT26 tumors. In this model, tumors were allowed to grow for 4 days, and then animals were treated with the indicated doses of ID-VP02-OVA-AH1A5, or vehicle control. As in the prophylactic experiments, all control animals succumbed to tumor growth within approximately 3 weeks (Fig. 6D) . By contrast, all mice treated with ID-VP02 encoding AH1A5 showed effects on tumor progression, ranging from a delay in the growth kinetics to outright rejection (Fig. 6D) . Tumors either failed to grow to a palpable size (2/10) or completely regressed (3/10) in the immunized group, leading to 50% of the mice exhibiting no evidence of macroscopic disease out to at least day 60 (data not shown). By contrast, mice immunized with ID-VP02 encoding any irrelevant antigen showed no evidence of antitumor protection (Supplementary Fig. 5 , Supplemental Digital Content 6, http:// links.lww.com/JIT/A375). These data show that ID-VP02 can exert antitumor cytotoxic activity in both the prophylactic and therapeutic settings, supporting the evaluation of ID-VP02 as a therapeutic for cancer in humans.
DISCUSSION
Cytotoxic T cells are capable of eradicating established tumors as evidenced by the recent successes in cancer immunotherapy, notably adoptive T-cell therapy and immune checkpoint inhibition. 24 As "master regulators of the immune response," DCs are critical for the induction of cytotoxic CD8 T cells, which requires efficient antigen presentation, maturation of the DC, and costimulation of the T cell. 1 To this end, ex vivo-generated DC-based vaccines have shown some promise in multiple clinical trials, however, their efficacy has been limited despite continued optimization of various vaccination parameters and logistical and cost issues of this approach have not been solved. 25 In vivo targeting of tumor antigens to endocytic receptors of DCs results in enhanced cross-priming in the presence of a DC-maturing stimulus (eg, toll-like receptor agonist), and this concept is currently being explored in the clinic by fusing tumor antigens to antibodies specific for the lectin DEC-205. 26, 27 Preclinically, targeting antigens to DCs via antibodies directed to the lectins DC-SIGN and DNGR-1 (CLEC9 A) also resulted in enhanced CD4 and CD8 T-cell responses. 28, 29 However, the level of CD8 T-cell activation achieved by cross-presentation is lower than that typically observed with viral vectors, suggesting that effective MHC I presentation is better achieved through the processing and presentation of de novo expressed antigen. 30, 31 To this end, multiple recombinant viral vectors are currently in various stages of development as antigen-specific immunotherapies for cancer, including attenuated poxviruses, adenoviruses, and alphaviruses. [32] [33] [34] [35] None of these vectors targets DCs specifically, and each has its own advantages and disadvantages in terms of induction of neutralizing antibodies, packaging capacity, expression of viral proteins interfering with induction of immune responses or competing for T cells, as well as manufacturing issues. Taking into account that there are no data available comparing all vector platforms head-to-head and immune responses may vary depending on the antigens expressed, published results suggest that in mice the above vector system given as single immunization or homologous prime-boost regimen induce a lower frequency of antigenspecific T cells compared with that which we observed with a single injection of ID-VP02. 19, 34 ID-VP02 was highly effective at driving polyfunctional primary CD8 T-cell responses and stable CD8 T-cell memory populations that provided protective immunity against lethal vaccinia virus challenge. ID-VP02 was also effective at inducing secondary CD8 T-cell responses in a homologous prime-boost regimen. The observed boost of antigen-specific CD8 T cells upon vaccinia virus challenge also suggests that ID-VP02 could be used in a heterologous prime-boost regimen where a separate vector expressing a shared antigen is given as a secondary immunization, as in the case of the Prostvac vaccine. 36 Impressively, however, OVA-specific responses induced by 2 immunizations with ID-VP02 appeared to be equivalent to responses induced by ID-VP02 prime and vaccinia boost, suggesting that even though antivector immune responses can be generated against the vector, ID-VP02 may be uniquely potent in the setting of homologous readministration.
In a cancer model, ID-VP02 expanded tumor-specific CD8 T cells that had a polyfunctional phenotype, mediated antigen-specific killing in vivo, and conferred both protective and therapeutic antitumor efficacy. Control of CT26 tumors was observed despite the observation that CD8 T cells primed by the AH1A5-altered peptide ligand showed limited cross-reactivity with the endogenous tumor sequence AH1. Furthermore, we have recently obtained evidence of therapeutic efficacy of ID-VP02 in the B16 mouse melanoma model. A clinical candidate expressing the cancer-testis antigen NY-ESO-1 termed LV305 is currently in a phase I clinical trial (NCT02122861).
Although ID-VP02 was designed to transduce human DC via targeting of DC-SIGN and overcoming the SAMHD1-mediated restriction block via Vpx, we could establish the mouse as the preclinical model to establish safety and efficacy. Genomic analysis in mice has revealed a DC-SIGN cluster that contains 8 putative homologs to human DC-SIGN based on domain and sequence homologs. 18 These are termed SIGNR1 through SIGNR8, with SIGNR5 often being referred to in the literature as mouse DC-SIGN. Functional studies based on carbohydrate binding have suggested that the closest functional orthologs to human DC-SIGN are SIGNR1, SIGNR3, and SIGNR5. In our studies, we found that of these only SIGNR1 functioned as a receptor for ID-VP02. It is interesting to note that, we found that expression of SIGNR1 and SIGNR5 were mutually exclusive in the mouse and, notably, that steady state lymph node-resident DCs preferentially expressed SIGNR1 and were targeted by ID-VP02. However, the fact that not all transduced lymph node-resident DCs expressed SIGNR1 may indicate that either receptor downregulation occurs, or other unknown receptors can be utilized for binding and entry. Pseudotyping of ID-VP02 with the envelope of vesicular stomatitis virus which has broad cellular tropism also resulted in strong immunogenicity, 11 however, because the vector described here was designed to be specific for human DC, we have not performed head-to-head comparative efficacy studies in mice. Published results in mice suggest that direct expression of antigens in DC may be up to 100,000-fold more potent compared with cross-presentation with respect to activation of CD8 cells. 31 Comparative data for DC-targeted and nontargeted vectors are not available from human studies.
In the biodistribution studies described here, reversetranscribed vector-derived DNA was detected at high levels at the injection site 1 day after immunization with ID-VP02 and was progressively cleared over time to near background levels after 7 weeks. Vector DNA was also detected in the draining lymph node 1 and 4 days after injection and was cleared thereafter. Using GFP protein expression as a readout, we show that the majority of vector-transduced cells in the draining lymph node are DCs. Taken together, the findings from these studies are consistent with 2 vector biodistribution models, (1) direct access of the vector to the lymph node via the afferent lymph; and/or (2) transduction of tissue resident DCs at the injection site that subsequently migrate to the draining lymph node. Although the exact mechanism by which ID-VP02 is dispersed outside of the injection site to the draining lymph node cannot be elucidated with the data presented here, the results are consistent with the anticipated specificity of ID-VP02 for DCs and support its development as a clinical candidate for DCtargeted cancer immunotherapy. (IDC), a holder of stock and/or options in IDC, or an inventor on an issued patent or patent application for technology discussed in this paper which has been assigned to IDC. All the remaining authors have declared that there are no financial conflicts of interest with regard to this work.
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